We demonstrate that an offset stimulated emission depletion ͑STED͒ beam breaks the diffraction barrier of fluorescence microscopy in both the lateral and the axial directions. A 2.5-fold axial reduction of the focal spot is accomplished through the ear-shaped lobes of the diffraction maximum of the STED beam. The effect of the minima and side maxima of the STED beam on the lateral and axial resolution is shown to be in remarkable agreement with theory. Conditions are given for which a regular STED beam reduces the axial extent of a confocal spot from 490Ϯ36 to 175Ϯ18 nm, and simultaneously from 183Ϯ12 to 70Ϯ8 nm along the direction of the offset. The latter establishes the lowest reported value in far-field fluorescence microscopy.
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The resolution of a far-field scanning fluorescence microscope is given by the size of the fluorescence focal spot. So far, the minimum spot size, and hence the maximum resolution, was limited by diffraction to about 200 nm in the lateral and 500 nm in the axial direction. Recently, these limits have been overcome by stimulated emission depletion ͑STED͒. [1] [2] [3] In STED microscopy, up to 18 times smaller spot volumes than in confocal microscopy have been created 3 by quenching the excited molecules at the outer part of the diffraction spot through stimulated emission. Excitation and subsequent STED are performed with two ultrafast, synchronized pulses. Whereas the first pulse excites the dye, the second quenches it within picoseconds after the excitation.
By surrounding the excitation spot with a doughnutshaped STED intensity distribution, the resolution has been improved to about 100 nm in all directions. 3 Foci with central holes can be created by a patterning of the phase of the wave front across the entrance pupil of the lens. 4 Here, we demonstrate that a pronounced improvement of axial resolution does not require foci with central holes, because a 2.5-fold improvement of axial resolution is readily gained by displacing an ordinarily focused STED beam sideways. By comparing the results with theoretical predictions, we show the improvement to be intimately connected with spatial characteristics of the intensity point-spread function ͑PSF͒ of the STED beam. In fact, we found that STED can be in force even at the second-and third-order side maxima of the PSF, which is in impressive agreement with theoretical predictions.
5 Finally, we demonstrate that the microscope's effective PSF ͑E-PSF͒ is narrowed down to 70 nm along the axis of the offset.
The arrangement of the STED-fluorescence microscope encompasses a femtosecond mode-locked titanium: sapphire laser ͑Coherent, Santa Clara, CA͒ producing pulses at 765 nm for stimulated emission and an intracavity frequency-doubling optoparametric oscillator ͑APE, Berlin, Germany͒ to convert a part of the beam to 558-nmwavelength pulses for excitation. 3 The pulses are fed into a piezo-stage scanning confocal setup, so that the excitation intensity PSF overlaps with the detection PSF defined by the detection pinhole. The STED beam is coupled through an adjustable optical path into the objective lens, so that the STED-beam PSF can be laterally displaced with nanometer precision The STED-beam intensities and pulse energies are chosen such that STED outperforms the spontaneous decay. 1, 3 To render the STED efficient, both the exciting and the STED pulse are polarized in the same direction ͑x͒; the optic axis is denoted with z. The typical STED-beam pulse energies are in the range of pJ and are associated with peak intensities of GW/cm 2 at the focus. At these pulse energies, STED reaches saturation so that a nonlinear relationship is established between the residual fluorescence and the STEDbeam intensity. As a consequence, sharp edges of depletion are defined in space, which is key to breaking the diffraction barrier. 1, 3 First, we select a STED-beam intensity of 4.2 GW/cm 2 and displace the STED-beam PSF with respect to the confocal PSF by Dϭ336 nm in the y direction. The yz section of the E-PSF is measured by scanning 48-nm-diam latex beads stained with the dye LDS 751 ͑Molecular Probes, Eugene, OR͒ through the focus. By blocking the STED beam for each backward line scan, sorting these scans to two images gives us the E-PSF of the STED microscope as well as that of its standard confocal counterpart ͑Fig. 1͒. Interestingly, the extent of the fluorescent spot not only is reduced in the direction of the offset ͑y͒, but also in the axial direction. The profiles disclose that while the full width at half maximum ͑FWHM͒ shrinks from 170 to 93 nm in the lateral direction it also shrinks from 460 nm to 193 nm along z.
The marked reduction in axial extent is readily traced back to the structure of the STED-beam PSF ͑Fig. 2͒ as measured with a 100 nm gold bead. Figures 2͑a͒ and 2͑b͒ show that the PSF of the STED beam features local minima at ⌬yϭDϭ320 nm. In these minima the intensity should be so low that fluorescence should not be hindered. As expected by vectorial focusing theory, 6 the minima and maxima are more pronounced in the y direction, because it is perpendicular to the field E. It is now important to realize that in the z direction the minima are delimited by the ''earlobes'' of the STED-beam PSF. Therefore, in the nonlinear depletion range the confocal E-PSF is not only squeezed from the side, but also from above and below. The fine structure of the STED-beam PSF leaves a hallmark on the spot. 5 We varied the offset D and explored the change in axial and lateral FWHM, but also that of the fluorescence signal ͑Fig. 3͒. The focal peak intensity was adjusted to 4.2 GW/cm 2 . We covered the range from 250 nm ϽDϽ1100 nm in steps of 10-20 nm. Most of the data points are based on averaging two or three consecutively imaged beads, but each bead was used for several measurements with different D. Altogether, 89 images were evaluated. Figure 3 ͑a͒ reveals that for DϷ320 nm the measured lateral FWHM ͑solid boxes͒ is reduced from the classical 183Ϯ12 to 90Ϯ8 nm. Alongside, the axial FWHM also reaches its minimum value of 200Ϯ18 nm, as depicted in Fig. 3͑c͒ . To follow the change in signal, we displayed the ratio between the maxima of the E-PSF of the STED-and the regular confocal microscope: h STED max /h conf max . At Dϭ320 nm, the peak fluorescence signal is reduced to 70%Ϯ7% of the confocal value, which is an acceptable compromise between resolution and signal. Figure 3͑b͒ indicates that a decrease of D below 300 nm merely results in a loss of signal. However, when increasing D, one can clearly observe the effect of the minima and side maxima on the lateral and axial FWHM, as well as on the signal. For this purpose one correlates the lateral profile of the STED-beam intensity ͑dash-dotted line͒ in Fig. 3͑a͒ with the FWHM measurements. Not surprisingly, the smallest lateral and axial FWHM is achieved when the first minimum of the STED-beam PSF ͑at Dϭ320 nm͒ coincides with the maximum of the confocal E-PSF. In this case, the strong main maximum of the STED-beam PSF effectively suppresses fluorescence at the rim of the main maximum of the excitation PSF, both in the axial direction as well as in the direction of the offset. With increasing offset D the firstorder side maximum of the STED-PSF overlaps ͑DϷ440 nm͒ with the excited focal spot, so that the main excitation maximum is quenched and the E-PSF becomes broader than that of the diffraction-limited confocal microscope. The quenching is reflected by the concomitant decrease of the signal to values below 50%, as shown in Fig. 3͑b͒ . At DϷ590 nm the main focal maximum coincides with the second-order minimum in the STED PSF. As a result, the FWHM drops again below that of the confocal value and the maximum signal is raised. In summary, changing D reveals an anticyclic, oscillatory behavior in lateral FWHM and maximum signal, reflecting the structure of the diffraction pattern of the STED beam. Figure 3 discloses the importance of keeping the intensity in the local minimum as low as possible. In spite of their relative intensities of only 2.4% and 0.6%, the first and the second lateral side maxima significantly quench the main maximum of the confocal PSF. The intensity in the first minimum of the STED-beam PSF is even lower: 0.13% ͓Fig. 3͑a͔͒. Still, this already decreases the main maximum of the confocal E-PSF by approximately 20% ͓Fig. 3͑b͔͒.
The axial FWHM of the confocal PSF is 490Ϯ36 nm ͓Fig. 3͑c͔͒, but by offsetting the STED-beam by 250ϽD Ͻ400 nm, it is reduced to 200Ϯ18 nm, corresponding to an improvement by a factor of 2.5. The oscillatory behavior is less pronounced than in the lateral direction and the FWHM hardly exceeds that of the confocal counterpart. These findings are impressively confirmed by vectorial calculations 6 ͑solid lines͒ that are only assuming the aperture, the wavelengths, and the intensity of the STED beam; the depletion rate induced by the latter is the only parameter inferred from experimental data. 3 Both theory and experiment reveal that the effects are due to the combined action of diffraction and saturated depletion.
As a next step, we keep the distance between the two foci fixed at 325 nm and vary the intensity ͑Fig. 4͒. By increasing the STED-beam intensity to 5 GW/cm 2 the FWHM of the E-PSF shrinks further down to 175Ϯ18 nm in the axial and 70Ϯ8 nm in the lateral direction. The latter is the narrowest lateral FWHM of a fluorescent spot obtained in far-field fluorescence microscopy to date, albeit in a single direction.
One could imagine that by also applying a STED beam offset in the x direction, the FWHM could be equally reduced in the x direction with an additional reduction along z. Unfortunately, in the direction of the field, the STED-beam PSF feature lower side maxima ͑Fig. 2͒. The intensity in the local minima is 3-6 times higher than in their counterparts along the y axis. Moreover, they are 50 nm further away from the focal point, so that the best offset is reached at Dϭ350-400 nm. When displacing the STED-beam PSF along the direction of the field, FWHM values smaller than 275 and 130 nm could not be reached in the lateral and axial directions, respectively. Rotating the field direction of the second STED-beam by 90°is only a partial remedy, because then the stimulating field is perpendicular to its exciting counterpart, which reduces the efficiency of stimulated emission. 7 However, this issue may be of lesser concern when dye molecules are observed that equilibrate rotationally in their excited state within the duration of the STED pulse. This is likely to be the case in a low-viscosity, watery environment.
In conclusion, a single stimulating offset beam breaks the diffraction barriers of confocal fluorescence microscopy both along the offset direction and also along the optic axis. The fine structure of the stimulating focal spot is reflected in the width and intensity of the sharpened focus, in good accordance with theoretical predictions. Importantly, along the axis of the offset the lateral FWHM is reduced to 70Ϯ8 nm, which sets a benchmark in far-field microscopy with subdiffraction resolution.
